Autism spectrum disorder (ASD) is conceptualized as a spectrum of related diagnostic categories, comprising subtypes: autism, atypical autism, Asperger's syndrome and other pervasive developmental disorders (ICD-10). Available evidence suggests that several genes contribute to the underlying genetic risk for the development of ASD. However, etiologic and phenotypic heterogeneity impede the discovery of ASDsusceptibility genes. We tested 148 simplex UK families, characterized by both ADI-R and ADOS to have an autism spectrum disorder (ASD), for association with candidate genes, GABRB3, GABRG3, UBE3A and ATP10C, on chromosome 15q11-13. A dense map of single nucleotide polymorphisms (SNPs) that had not been previously parsed in autism, spaced on average by 13 kb, were genotyped across each gene. We found evidence for an association with GABRB3 and ASD. A haplotype analysis of five adjacent SNPs in high linkage disequilibrium (LD) on GABRB3 was significant with a Bonferronicorrected P-value of 0.00013 for haplotypes of frequency > 1% (99.9% of all possible haplotypes covered were represented by seven haplotypes). Further systematic examination of GABRB3 in relation to ASD is required.
Chromosome 15q11-q13 (the Prader-Willi/Angelman Critical Region -PWACR) has been identified as a strong candidate region. 1 Evidence for this comes from reports that autistic symptoms are common in patients with chromosomal abnormalities of this region, especially if there is duplications of the maternally derived chromosome 15, as outlined in Bolton et al. 2 There have also been a number of suggestive linkage findings. [3] [4] [5] [6] [7] Our group had marginally suggestive results from an association analysis of ASD with five microsatellite markers spread across the PWACR. 8 Furthermore, association studies have found evidence implicating candidate genes in the region. GABRB3, composed of nine exons spanning 250 kb, is thought probably not to be imprinted. Several reports have documented findings of allelic association at microsatellite markers near/in the gene GABRB3; 155CA-2 9,10 and GABRB3 11 and more recently a dense set of single nucleotide polymorphism (SNP) markers on GABRB3 found nominal significance for association with five SNPs across the gene.
12 GABRG3 has been reported to be associated with ASD. 13 A recent detailed examination of GABA receptor genes in autism found evidence for some of these GABA receptor gene subtypes to be involved in aetiology, perhaps involving complex gene-gene interactions between the subtypes.
14 However, none of the GABA genes in the 15q11-13 region were found to be associated with autism in that study.
Evidence to support a role for the GABA neurotransmitter system in autism susceptibility include; (a) reduced binding of radiolabeled GABA A receptor ligands in autopsy brain specimens from individuals with autism, 15 (b) elevated levels of circulating GABA and its essential precursor glutamate have been observed in children with autism 16 and (c) during development it is known to have neurotrophic effects. 17 Furthermore, there is evidence to suggest that disruption of GABAergic interneuron development may represent a common point of convergence underlying the etiologies of developmental disorders including autism. 18 Also, we reported in vivo, using magnetic resonance imaging (MRS), that people with ASD have increased levels of the GABA precursors glutamate/glutamine in the amygdala-hippocampal complex (a brain region crucial to social communication (Page et al., in press 19 ). UBE3A encodes a member of a family of functionally related proteins important in ubiquitin transfer and is maternally expressed in brain with cell and region specificity. 20 Markers in UBE3A have also been reported to be associated with autism 6 and a mixed epigenetic/genetic model for oligogenic inheritance of autism with a limited role for UBE3A has been proposed. 21 ATP10C is a probable calcium-transporting ATPase with wide expression including the brain. Meguro et al. 22 reported that the ATP10C gene is maternally expressed, that it maps within the most common interval of deletion responsible for Angelman syndrome (15q11-q13), and that ATP10C expression is virtually absent from Angelman syndrome patients with imprinting mutations, as well as from patients with maternal deletions of 15q11-q13.
Again, there are reports of genetic association with autism. 23, 24 The ASD sample tested in this study is described in detail elsewhere. 2 Briefly, the sample consists of 123 trios and 25 parent -child pairs -a total of 148 families. The probands were assessed using the ADI-R and the ADOS-G. 25, 26 All subjects fulfilled criteria for a pervasive developmental disorder (PDD); 82 met the criteria for autism and the remainder had atypical autism, Asperger's syndrome or other PDD (ICD-10).
Subjects with karyotypic abnormalities were not included in our analyses. PCR was performed under standard PCR conditions. All markers showed no significant deviation from Hardy-Weinberg equilibrium.
We selected single nucleotide polymorphisms (SNPs), of minor allele frequency more than 10%, from public databases using Locus Link from NCBI (58 SNPs in total) The average inter-marker distance not including intergenic segments was 13 kb. The SNPs genotyped in GABRB3 are given by NCBI marker name in Table 1 (SNPs genotyped for the other genes are available in the Supplementary online Table) .
Linkage disequilibrium (LD) analyses were performed by the programme haploview (http:// www.broad.mit.edu/mpg/haploview/) 27 and as others have reported, 12 we found evidence for only a moderate degree of linkage disequilibrium in the region. We used an individual SNP and haplotype analysis programme called weighted haplotype regression (WHAP) http://www.broad.mit.edu/personal/shaun/whap to examine the association between the bi-allelically expressed genes GABRB3 and GABRG3 and the imprinted genes UBE3A and ATP10C.
We used the programme, UNPHASED 28 which employs a pedigree disequilibrium test for multilocus haplotypes to examine all parental transmissions, plus maternal only and paternal only transmissions of the UBE3A and ATP10C markers.
We found no evidence for over transmission of markers in GABRG3, UBE3A, ATP10C when examining all transmission and a marginally non-significant tendency for maternal over transmission of markers in UBE3A (see Supplementary on-line Table) .
The single marker association analysis for SNPs on GABRB3 using the programme WHAP (http:// www.broad.mit.edu/personal/shaun/whap) revealed that adjacent markers 5 (rs4906683) and 6 (rs1897356) were significant. See Table 1 for the results of all single marker associations. Global permutation tests in WHAP which take account of multiple testing across a single gene resulted in a trend for significance with a P_MAX = 9.263 (P = 0.082) and significant P_SUM = 42.180 (P = 0.016).
We used the haploview programme to examine the linkage disequibrium (LD) between the markers we genotyped across the gene. We found adjacent SNPs 3 (rs10519563), 4 (rs8037653), 5, 6 and 7 (rs768899) to be in relatively strong LD (see Figure 1) .
We therefore performed a weighted haplotype regression analysis in WHAP using these five markers rather than a sliding window approach. For this analysis, we included the seven haplotypes of frequency > 1% (99.9% of haplotypes covered) and achieved a P-value of 0.000019 for a single haplotype see Table 2 . Simple Bonferroni correction for the seven haplotype tests yields a corrected P-value of 0.00013.
From Table 2 , one can see that the association is with the 34 342 haplotype. For ease of nomenclature, we have designated alleles 1 = adenine, 2 = cytosine, 3 = guanine, 4 = thymine.
We used WHAP to generate the full haplotype data on probands and their parents in order to examine our results in greater detail. We counted all the times that a haplotype in heterozygous parents was or was not transmitted (see Table 3 ). As there were a few individuals in whom the phase could not be determined, we had to ascribe the probability of transmission (T) vs non-transmission (NT) and hence our results are not whole numbers. For the haplotype 34 342, there were 42.5 transmissions vs 18.75 nontransmissions resulting in a w 2 test result of 9.21 with a P-value of 0.002. This is a less powerful analysis than the weighted hapotype regression test (and hence the less significant P-value), however, it confirms (visually) the positive result. See Table 3 for the remainder of the haplotype transmissions vs non-transmissions as the data in this table is generated from only the informative transmissions it is not directly comparable with that of Table 2 .
Using the WHAP programme, we sequentially conditioned haplotype analyses on individual markers and found that marker five accounted for more signal than any other SNP. Therefore, this suggests that the evidence for association can be attributed to either marker five or a variant in tight LD with this marker. WHAP analyses of the GABRG3 markers were neither significant when corrected for multiple testing at individual markers nor when weighted haplotype regression procedures were performed. In this study, our marker 5, rs4906683 (at NCBI position: 24 405 714 bp) is an A/G SNP positioned in intron 4 of the GABRG3 gene, with the G allele being over-transmitted. It is approximately 150 kb from the 5 0 microsatellite marker 155C-A and about 120 kb from the 3 0 microsatellite GABRB3, markers for which there is some evidence of association as described above. [9] [10] [11] These microsatellites are at opposite ends of GABRB3 and this marker lies between the two. Given the poor LD across the entirety of the region, it is unlikely that our marker 5 is reflecting association with these microsatellites. More pertinently however, marker rs4906683 is only 12.8 and 13.3 kb, respectively, from the McCauley et al. One limitation to our study is that we tested multiple markers and haplotypes in four candidate genes in this region and because of multiple testing our findings need to be interpreted with caution. Additionally, haplotype-based TDT tests are more subject to bias from Mendelian errors. 29, 30 However, the results for GABRB3 potentially replicate the McCauley et al. findings by virtue of the fact that we detected association with markers/haplotypes in the same LD block. Taken together, the findings lend further support to the notion that GABARB3 is Note: There were a few individuals in which the phase could not be determined, we had to ascribe the probability of transmission (T) vs non-transmission (NT) and hence our results are not whole numbers. Bold highlights significant results.
involved in the aetiology of autism spectrum disorder and suggest that it is now time for a systematic search for functional variant(s) in this gene. Another limitation is the relatively small sample size and the comparatively low power of the study. It is perhaps noteworthy, therefore, that although the TDT results for UBE3A were insignificant overall, they were in the predicted direction (over transmission of maternal alleles) and only marginally non-significant for two markers (two-tailed tests) in the much less powerful parent-of-origin analyses. Similar considerations apply to results for two markers in ATP10C. Further studies will be needed to clarify whether there is any genetic association with markers in these genes.
It is of interest that we observed a genetic association with GABRB3 despite the fact that the sample composition was heterogeneous with regard to PDD subtype (55% meeting criteria for autism and the rest ASD). However, twin and family data have indicated that the genetic liability to autism confers a risk for a broader range of autistic-like impairments. 31, 32 Our findings provide more support for this conclusion and add further justification for the inclusion of these broader phenotypic variants in molecular genetic studies. Our findings also suggest that some of the variability in phenotypic expression within the autistic spectrum is not due to genetic variation at this locus. Nevertheless, we need to extend our analyses to larger collections to examine these issues more systematically.
Another limitation to our study is that we did not include one of the three major GABAergic genes in the region, that is, the alpha 5 subunit gene, GABRA5, for genotyping in this study and therefore cannot comment on whether we would have replicated the findings of an association with that gene as reported previously. 12 Clearly, however, detailed and systematic investigation of the GABAergic system is warranted. 
